Numerous beam directions using 3-D conformal techniques can be employed in treating tumors in the posterior fossa, each with characteristic normal tissue exposure along the entrance and exit trajectory. A representative variety of beam configurations were modeled in a modern computer planning system initially with the entire posterior fossa as the target.
Introduction
Radiotherapy (RT) has long played an important role in the treatment of nearly every type of tumor occurring in the posterior fossa in children. Treatment planning techniques have dramatically evolved from one-dimensional to two-dimensional and now to three-dimensional representations of anatomy, beams, and dose distributions. Understanding and localization of targets in the posterior fossa has evolved as well. Historically, tumor targets were localized based on relationships to bony landmarks and external features with correlation to opera-tive findings. Today, the location and extent of tumor targets can be identified using computed tomography (CT) and magnetic resonance imaging (MRI) based on actual anatomical relationships. Despite this degree of sophistication, RT delivery has changed only modestly from fields used many years previously. For example, final treatment fields for the most common posterior fossa tumor, medulloblastoma, often remains opposed lateral beams to the entire posterior fossa, as it has for more than 40 years.
Three-dimensional conformal radiotherapy (3DCRT) allows targets to be treated with rapid fall-off to normal surrounding tissue. Ideally, the prescription dose distribution follows the shape of the target (i.e., conformality) with the dose fall-off steepest toward the most important normal tissue structures. When treating the brain, ranking the "most important" normal tissues is subject to debate. This problem is confounded in the pediatric population where brain tissues have various functions that evolve with age. For example, the hypothalamic pituitary axis' role in linear growth is active in infant, toddler and school age development, accelerates prior to puberty, and then dramatically decreases activity after puberty. Thus, an ideal or standard 3DCRT technique has not been clearly defined, at least not with the current understanding of toxicity outcome and dose tolerance. Nonetheless, 3DCRT is being used more frequently in the brain and posterior fossa. This work sets out to identify a systematic approach to treating tumors in the posterior fossa based on better understanding of dose effects to normal tissues.
Materials and Methods

Outlined Structures
Fine cut (3 millimeter) CT images of a 9-year old boy previously treated with surgery, chemotherapy, and RT for medulloblastoma were used as the basis of these analyses. The patient was immobilized for the CT scan in a thermoplastic mask with his head flexed on a 45º-inclined headrest. The CT images were captured and manipulated using the RenderPlan® 3-D treatment planning system (Elekta Oncology Systems). Selected internal structures were outlined using the mouse driven software. Bilateral structures, such as eyes and cochlea, were outlined separately but combined into one overall structure for purposes of dose volume analyses. The smallest number of separate contours for a given structure was 3 (cochlea), while most structures had greater than 10 contours defining their volume.
"Natural" Planes of the Posterior Fossa
Many targets treated with RT assume geometric shapes with either one or more elongated axes or particular surface characteristics constituting a limited plane. When selecting spe-cific beam arrangements for use in 3DCRT, it is useful to bring beams in along these characteristic axes or surface planes. Such beams should sharply truncate the normal tissue outside the target from primary radiation by the simple use of focus blocks. The posterior fossa as a target is a complex geometric shape with many such regular surface planes that can be exploited for treatment planning.
As a convention, neuroanatomists have defined the craniospinal axis to differential dorsal from ventral (Figure 1) . The "spinal" portion of the craniospinal axis begins inferiorly at the cauda equina and follows nearly linearly up the collapsed central canal of the spinal cord into the posterior fossa along the anterior 4 th ventricle wall. At the level of the tentorial incisura, the craniospinal axis takes nearly a 90º turn to become the "cranial" portion of the axis. A plane that includes the entire craniospinal axis is the mid-sagittal plane. Any plane parallel to the cranial axis and perpendicular to the spinal axis defines a transverse (or axial) plane, while a plane parallel to the spinal axis and perpendicular to the cranial axis defines a coronal plane. These conventions are used for all discussions and figures in this paper.
The roof and walls of the posterior fossa define "natural" planes as described above. Looking at a mid-sagittal view, the superior anterior boundary follows along the plane of the incisura while the superior posterior boundary assumes the shape of the tentorium. Anteriorly, the posterior fossa is limited by the clivus, again a very planar structure. The transverse view through the middle of the posterior fossa is bound anteriorly and laterally by the petrous ridge of the temporal bone. In the coronal view through the spinal axis, the superior boundary is defined by the planes of the tentorium. These "natural" planes can be exploited by the use of focus blocks as a means to exclude portions of supratentorial brain, structures of the sella, middle and inner ear structures, and other non-morbid anatomy.
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Dose Volume Analysis
Dose distributions were determined for multiple beam arrangements. All beam arrangements were normalized to 100% at the isocenter. The 3-D dose matrix was collapsed into cumulative or integral dose volume histograms representing volume of tissue receiving a given dose or more of radiation. Dose volume histograms for each separately outlined structure were generated for comparisons between various beam arrangements.
Integral dose, or the total energy absorbed within a specified volume of tissue, was calculated from the corresponding dose volume histogram for a specific beam arrangement in the single beam analysis. Integral dose over a given range of energies constitutes the area under the curve. Two separate integral dose measurements were calculated for each beam. The first, integrating over the doses ranging from 0-75% of the isocenter dose, is intended to represent low to moderate dose effects. The second integrated from over 75% to the maximum dose represents high dose effects. The arithmetic mean and standard deviation for each structure was determined (the high and low value for a structure was discarded as an outlier prior to determining the mean). This information was used to determine the integral dose score used for subsequent comparisons. Each beam, then, had two scores (low/moderate-level dose score and high-level dose score) for comparison to the mean. If both scores were less than the mean minus one standard deviation, the beam rating was "very good" for sparing that structure. If one score was less than the mean minus one standard deviation, the rating was "good." If both scores were within one standard deviation of the mean, the rating was "average." If one score was greater than the mean plus one standard deviation, the rating was "poor." Finally, if both scores were greater than the mean plus one standard deviation, the rating was "very poor."
Results
Multiple Beam Treatment Fields
Opposed Laterals (Figure 2a) : The most commonly used technique for treating the entire posterior fossa is the opposed lateral beam arrangement. The beams are directed perpendicular to the craniospinal axis. This arrangement is very conformal when viewed along the mid-sagittal plane, but results in significant lack of conformality in both the axial and coronal planes.
Posterior Obliques (Figure 2b) : These beams are parallel to the cranial axis and enter from the posterolateral direction along the plane of the petrous ridge. These fields will inherently shield the temporal bone structures (middle and inner ear) on the entrance side, but not on the exit side. As with the opposed lateral beams, these beams result in poor conformality along the tentorium with significant supratentorial brain exposure. The exit of these beams is more anterior than the opposed lateral fields resulting in more exposure to the structures around the sella.
Posterior Inferior Obliques (Figure 2c) : These beams are similar to the posterior obliques with regard to their trajectory along the ipsilateral petrous ridge: however, they deviate inferiorly along the plane of the tentorium in the coronal plane. This inferior angulation allows for sparing of more supratentorial brain immediately above the tentorium, but comes at the expense of more exit exposure into the regions above the sella.
Vertex Combination (Figure 2d ): With the head flexed using the inclined headrest, a beam may be brought in through the vertex of the skull capable of encompassing the posterior fossa without exiting the entire body. This beam is very conformal in the transverse plane, effectively shielding both temporal bones and the structures around the sella. Unfortunately, the beam enters through large portions of the supratentorial brain and exits the cervical spine. This beam would typically be used along with any of the beam arrangements noted above. For purposes of the multiple beam dose volume histograms, the vertex was combined with the posterior inferior obliques.
Multiple Beam Dose Volume Histograms
Dose volume histograms for four critical structures for each beam arrangement are displayed in Figure 3a -d. Nearly equivalent posterior fossa coverage is attained by each beam arrangement (Fig. 3a) . Sparing of high isodose levels (>75%) to supratentorial brain over parallel opposed beams by the 3 other arrangements comes at the expense increased volume receiving low isodose levels (≤75%) as evident by the crossing of the curves. While the opposed lateral port results in the most high-level dose contribution to the supratentorial brain and cochlea, the same arrangement is best at sparing the hypothalamus. Similarly, the benefits of the posterior and posteriorinferior oblique fields at sparing the cochlea result in a tradeoff of additional dose to the pituitary and hypothalamic regions. All in all, trade-offs of benefits and detriments abound with reduced dose to a given structure with a certain beam arrangement often resulting in additional dose to another.
Single Beam Treatment Fields
With no clearly superior multiple beam arrangement for treating the entire posterior fossa identified, our analysis shifted toward a dissection of each individual beam. The dose interaction of single beams is simpler to characterize on entrance and exit. This information is potentially useful in designing beams for treating all or part of the posterior fossa in a specific patient. Five separate single beams were analyzed: straight lateral, posterior oblique, posterior-inferior oblique, vertex, and straight posterior. Superior oblique fields were not analyzed separately since their dose volume characteristics would be similar to the posterior-inferior oblique except for a greater entrance dose to the supratentorial brain. Integral dose volume histograms for these single beams for the supratentorial brain, cochlea, and hypothalamus are shown in Figure 4a -c.
As with the multiple beam arrangements, trade-offs occur. The vertex port significantly increases dose to the supratentorial brain as compared to all other beams (4a). Nonetheless, this same beam is clearly superior for sparing the cochlea on both sides (4b entrance trajectory allow some sparing of the cochlea on the entrance of the beam, but not on the exit, resulting in a stairstep shape of the dose volume histogram curve.
Dose volume histograms for eleven separate structures were generated for each beam mentioned above. The integral dose of each histogram was generated over the dose range 0-75% to characterize low/moderate dose-level effects and over 75% to characterize high dose-level effects. A rating system was defined by comparing the observed integral dose to the arithmetic mean of all the beams. The ratings for each beam are shown in Figure 5a -d. The commonly used straight lateral beam rates "good" for sparing the hypothalamus, pituitary, and vision pathways but rates "very poor" at sparing the cochlea and temperomandibular (TM) joints (Fig. 5a ). The posterior oblique beam had the fewest "good" or "very good" scores of any beam, but also was the only beam to avoid a "very poor" score for any normal tissue structure (Fig. 5b) . Although the posterior inferior oblique shares similarities with the posterior oblique, improvements in sparing the supratentorial brain, parotid glands, and TM joints come at the expense of extra hypothalamus and cochlea dose (Fig. 5c ). While demonstrating four "very good" scores, more than any other beam analyzed, the vertex beam enters through the supratentorial brain resulting in a "very poor" score for that important structure (Fig. 5d) . These rating show the strengths and weaknesses of each beam with regard to excluding (good and very good) or including (poor and very poor) uninvolved normal tissue when treating the entire posterior fossa.
Subtotal Treatment of the Posterior Fossa
The previous single beam analysis identified the amount and location of normal tissue structures which are excessively irradiated by a given beam trajectory when treating the entire posterior fossa. This information was then used to determine what portions of the posterior fossa could be effectively treated by a given beam if the poorly treated areas are excluded. In this analysis, a focus block was placed over the normal tissues rated poor to very poor when treating the entire posterior fossa. The remaining portion of the field constitutes an area that did not contribute significantly to the excess dose identified in the previous section. Such information was used to construct "zones" within the posterior fossa best treated by a particular beam trajectory.
The straight lateral port was modified to exclude the supratentorial brain, cochlea, parotid glands, and temporomandibular joints (structures receiving a score of "poor or very poor" in the previous analysis). A beam's eye view of the original posterior fossa beam aperture and the additionally excluded tissue (cross-hatch) is shown in Figure 6 . As such, this beam would have dose-volume characteristics rated "average, good, or very good" if used as part a treatment plan for a target in the identified "zone." The favorable "zones" vary with the angle of the beam. Schematic diagrams identifying the favorable "zones" for each beam are shown in Figure 7a -d. The straight lateral is shown to be favorable for targets in the inferior posterior fossa below the Foramen of Lushka (Fig. 7a) . The posterior oblique beam can be effectively used to treat a target of the posterior aspect of the posterior fossa (Fig. 7b ). This same beam is capable of treating the cerebellar peduncle on the opposite side of the beam's entrance trajectory. The posterior inferior oblique can effectively treat the majority of the posterior fossa except the midbrain area and lateral cerebellum on the same side of the beam's entrance trajectory (Fig. 7c) . The beams described thus far were modified to exclude all tissues receiving a "poor or very poor" score. The vertex beam received a "very poor" score in relation to the supratentorial brain. Since this beam enters the supratentorial brain, exclusion of that structure would leave no remaining beam aperture. As such, the "zone" of effective treatment for the vertex beam in Figure 7d would still deliver undesired dose to the supratentorial brain despite effective exclusion of other structures.
Example Case for Subtotal Treatment of the Posterior Fossa
To demonstrate the utility of this method, an example case treating a posterior fossa tumor is presented. The patient for this example has a medulloblastoma in the right postero-lat- eral cerebellum. As shown in Figure 8 , posterior and lateral tumors of the cerebellum may be well targeted by a straight ipsilateral beam and contralateral posterior oblique beam. This combination of beams allows complete sparing of the contralateral cochlea, only exit dose to the ipsilateral cochlea, and relative sparing of hypothalamus via the oblique beam. Using appropriate wedges, the dose distribution can be homogenized within the target area. Using additional beam directions for this case would make the high dose deposition more conformal with the target itself at the cost of increased low dose entrance irradiation. An ipsilat-eral posterior oblique beam is not ideal in this case since, while it is able to avoid the ipsilateral cochlea (even better than the straight lateral beam), it causes exit dose to travel directly into regions of the hypothalamus.
Discussion
The most common primary pediatric brain tumors occurring in the posterior fossa are medulloblastoma, ependymoma, and gliomas of the brainstem and cerebellum. Medulloblastoma 
Figure 6:
Straight lateral beams eye view demonstrating exclusion (cross hatching) of tissue responsible for "poor" or "very poor" scores from single beam quality rating analysis. By definition, the remaining aperture will result in a quality rating score of "average" or better.
treatment has evolved to include chemotherapy in nearly all patients, and relatively more of the treatment is given through a posterior fossa boost relative to treatment with whole cranium ports. These therapeutic changes have altered the toxicity profile, hopefully with less long-term neurocognitive deficits, but certainly produce more ototoxicity. A number of authors have demonstrated how modern RT techniques potentially improve the incidental irradiation of normal brain in the process of treating the entire posterior fossa as compared to conventional opposed lateral fields (1, 2). Many of the early efforts attempted to spare dose to the cochlea itself. It was observed, however, that the supratentorial brain receives substantial radiation dose from conventional fields. Indeed, the French M4 trial observed that significant neurocognitive deficits occurred in patients treated using conventional posterior fossa irradiation without whole cranium fields (3).
Conformal treatments of irregularly shaped targets can be performed with various strategies. If limited numbers of fields are desired, the dosimetrist must identify inherent planes of the target, thereby using focus blocks to efficiently exclude normal tissue. In the absence of limitations on number of fields, the dosimetrist may choose to use many (e.g., 7 or more) separate non-coplanar fields to spread out the entrance dose prior to converging on the target. Since there are so many separate beams, there is less importance on following inherent planes of the target. Instead, the beams would be somewhat symmetrically arranged around the target akin to principals of CNS radiosurgery. Such an approach is currently being used at the St. Jude's Children's Research Hospital for treating the posterior fossa conformally in medulloblastoma (oral communication, Larry Kun, M.D., April, 1999). One group described the exploitation of the Bragg peak characteristics of proton beams to conformally deliver dose to the target, sparing normal tissue (4, 5). Finally, many centers are using newer techniques of inverse planning and intensity modulated beams to create heterogeneous dose distributions.
The objective of this work was to find a systematic method for choosing a limited number of fields to treat targets within the posterior fossa in a conformal fashion while maintaining favorable dose volume characteristics to adjacent normal tissues. The analysis of multiple beam arrangements in treating the entire posterior fossa showed that improvements in conformality resulted in corresponding increases in dose to other identifiable normal tissues. The information on single beam path exposure allowed an up front assessment of the impact of adding a particular beam, both in terms of covering the target and excluding critical normal structures. Each beam is given a score for success in avoiding each identified normal tissue. These score sheets can be used to make treatment decisions in a given patient. For example, the cost of allowing exit dose to the hypothalamus from the posterior inferior oblique field in a very young child may be significantly high-er than for a post-pubertal adolescent. Similarly, with concurrent platinum-based chemotherapy, it would be advisable to consider choosing beams that spare dose to the cochlea.
Currently, subtotal treatment within the posterior fossa is utilized for ependymomas and gliomas. The information presented in this paper can be useful in choosing beams to target these tumors. Standard treatment for medulloblastoma still includes boosting the entire posterior fossa. This larger target is certainly more difficult to treat in an optimal fashion. No specific photon beam arrangement has been clearly shown as superior for all patients. Investigation is ongoing as to whether it is actually necessary to treat the entire posterior fossa in medulloblastoma for the final boost (6-8).
The Children's Oncology Group is currently designing and conducting trials that would collect dose/volume data from actual treatments in order to subsequently quantify dose/volume tolerances with respect to toxicity outcomes. In addition, the Children's Oncology Group is ready to embark on a phase III trial of assessing the impact of tumor bed alone boost (rather than entire posterior fossa) in medulloblastoma. The information presented in this report may be helpful to clinicians designing portals for patients enrolled in that trial and was actually the impetus for researching this topic.
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